Background: A lack of habituation of different evoked potential modalities in migraine patients in-between attacks has been suggested.
Background
In migraine, a characteristic neurophysiological finding during the interictal phase is a lack of habituation of evoked potentials of different modalities to repeated stimuli in comparison to healthy subjects [1] . According to Rankin et al. habituation is defined as "a behavioral response decrement that results from repeated stimulation" [2] . A deficient habituation of evoked potentials during the pain-free interval of migraine patients has been shown for nonpainful visual [3] , auditory [4] , somatosensory [5] and nociceptive stimuli [6] as well as for brainstem reflexes [7] . It is proposed that thalomocortical dysrhythmia may be responsible for altered synchronicity in migraine [8, 9] . In contrast, the habituation deficit could not always be affirmed: Sand et al. and Omland et al. failed to establish any habituation difference for nonpainful visual evoked potentials between migraine patients and healthy subjects [10, 11] . Moreover, it was shown that clinical fluctuations are correlated to specific patterns of somatosensory evoked potential habituation with stable N20 responses in improving patients [12] .
Interictal lack of habituation to experimental pain has been demonstrated with noxious laser stimuli [13] . Contact heat evoked potentials (CHEPs) using a contact thermode that rapidly increases skin temperature have recently been introduced to study nociceptive pathways [14] . The main advantage of CHEPs compared to LEPs is that reliable scalp potentials can be obtained without cutaneous lesions. Also, they do not require any precautions such as safety glasses [15] . So far, however, few studies have been carried out applying CHEPs to investigate habituation in migraine explicitly focusing on EEG-tomography to identify the cortical mechanisms underlying the processes of habituation to experimental pain. In two studies by Lev et al. reduced inhibitory functioning of the prefrontal cortex is suggested as a possible cause for disinhibition of the pain-related sensory cortices in migraine [16, 17] .
Quantitative sensory testing (QST) according to the protocol of the German Research Network on Neuropathic Pain (Deutscher Forschungsverbund Neuropathischer Schmerz, DFNS) consists of a standardized battery of sensory examinations [18] . It provides useful information about pain thresholds as it allows to quantify thermal allodynia and other hyperalgesic conditions [19] . Burstein discovered an increased cutaneous allodynia in acute migraine attacks in 79% of the patients suggesting that the pathophysiology of migraine involves a sensitization of central neurons [20] . There are contradictory results about interictal pain thresholds in migraine patients compared to healthy subjects: In some studies, no difference in thermal, pressure and electrical pain or detection thresholds and no allodynia could be found [21] . Therefore, our aim was to investigate interictal changes in the sensory state of neuronal pathways in migraine patients. The objective of the present study was to explore the behavior of the subjective pain sensation during repetitive painful stimulation by CHEPs in relation to the amplitude modifications of the cortical evoked potentials. This behavior was studied both during attention towards the stimulus and a distraction task. The main research question was: Do migraine patients show impaired habituation of CHEPs? Moreover, our aim was to investigate whether in migraine patients attention cannot easily be drawn away from induced pain by distraction. We combined the study with QST to evaluate if physiological thresholds and the absence of neuropathic pain can be used as a vantage point for the usability of the CHEPs data.
Methods
We included 22 female patients (23.64 ± 4.30 years) suffering from migraine with or without aura with at least one migraine attack per month (Table 1) . Before starting the study a sample size estimation was performed, based on an estimated reduction of amplitude of 30% and a power of 80%, which suggested a sample size of 22. The calculation was based on the CHEPs data of Suttrup et al. [22] . The diagnosis was made according to the criteria of the International Classification of Headache Disorders 2 nd edition [23] . Patients did not complain about other neurological disorders and were not taking any pain or sensory modulating drugs. The control group included 22 agedmatched healthy female controls (24.09 ± 3.78 years, Table 1 ). As it is known that the menstrual cycle may influence the subjective pain thresholds, we kept record of the current menstrual cycle day [24] . Patients were at a mean cycle day of 15.52 ± 7.94 and healthy subjects 14.55 ± 7.87 representing all episodes of the cycle. Patients and probands enrolled in the study were mainly students from all fields. We did not recruit patients from a headache clinic because we set value on examining patients who did not have a chronic migraine. Subjects with general medical, neurological or psychiatric diseases or patients who had taken analgesics during the last 48 hours were excluded from the study. We only included patients who were not taking centrally acting drugs or prophylactic treatment for migraine. Migraine patients were tested at least 48 hours after the last attack and patients were excluded from the analysis if they experienced a migraine attack within 48 hours of the test. The occurrence of migraine attacks was monitored using a headache calendar filled out by the patients beginning one week before the recording and by contacting the patients three days after the recording. Two migraine patients were excluded because a migraine attack occurred less than 48 hours after the recording session.
To evaluate the emotional condition of the patients, we used the State-Trait-Anxiety-Inventory. This test describes the level of state anxiety (STAI-G X1) and the level of trait anxiety (STAI-G X2) [25] . The study was performed in accordance with the Helsinki Declaration. Informed consent was obtained from each subject before the commencement of our study. Mean group values ± standard deviation for 22 migraine patients and 22 healthy controls.
Quantitative sensory testing
We used a modified standardized QST-battery developed by the DFNS in order to detect loss or gain of sensory function [18] . The stimulation area for the QST was the volar forearm and the cheek bilaterally in both patients and healthy controls. A peltier-based contact probe of 30 mm for the volar forearm and 16 mm for the cheek was used to investigate C and A-δ-fiber function, employing the ATS-system (Medoc Ltd., Ramat Yishai, Israel). We determined cold and warm detection thresholds (CDT, WDT), as well as cold and heat pain thresholds (CPT, HPT). Ramped stimuli were used to obtain thresholds: 1°C/s for cold and warm thresholds, 1.5°C/s for the pain thresholds, starting from a reference temperature of 32°C. The subjects had to press a button as soon as they perceived a change in temperature (CDT, WDT) or a painful sensation (CPT, HPT). Temperature limits were 0°C and 50°C respectively. In order to evaluate the mean threshold temperature each threshold was assessed three times.
A standardized set of modified "von Frey filaments" (0.25-512 mN) was used to determine the mechanical detection threshold (MDT) to quantify the A-β-fiber function. A brush (200-400 mN) which was applied three times was employed to examine pain in response to light touch (dynamic mechanical allodynia). The mechanical pain threshold (MPT) was tested with a set of seven standardized pinprick stimulators (8-512 mN). Both patients and healthy controls were asked to define the pain they perceived as either "blunt" or "sharp". Five infra-and five suprathreshold values were obtained and the geometric mean was determined.
The perceptual wind-up ratio (WUR) was tested by a single pinprick stimulus (256 mN) followed by a train of ten repetitive stimuli of the same intensity and area. Subjects were requested to compare the intensity of the initial stimulus with the ten stimuli using the NRS. The test was repeated five times and the WUR was calculated by dividing the mean pain rating of five series by the mean pain rating of five single stimuli.
The test battery was performed in the same order using the same equipment and standardized instructions for all patients and healthy subjects [18] .
Contact heat evoked potentials
A CHEP stimulator (Medoc Ltd., Ramat Yishai, Israel) with an accelerated velocity of 70°C/s and a cooling rate of 40°C/s was used to deliver cutaneous heat stimuli. Twenty constant-intensity stimuli of 51°C (baseline temperature 32°C) were applied to the same body region with an inter-stimuli interval of 15-18 seconds in each stimulation block. The thermode was based on a peltier element (target area of 573 mm 2 ). The contact heat stimulation was performed in a randomized order on the glabrous skin of the volar forearm, on the right and on the left cheek. In migraine patients, we used the arm of the body side where the migraine attacks usually occurred; in healthy subjects we used the side of the arm matching to the corresponding migraine patient. Every examination was followed by a second trial, resulting in a total duration of 50 minutes. After a 10-minute break, the same procedure involving 20 stimuli applied twice in three areas was repeated while the subject had to perform mental arithmetic tasks consisting of subtractions of a 3-digit number with crossing the tens barrier. The arithmetic task was given about 5 seconds before each stimulus. The result had to be announced by the subject after the stimulus [26] .
Keypoint system (Medtronic, Skovlunde, Denmark) was used to record CHEPs. The potentials were recorded from P3/P4 for the contralateral cheek and from CZ' for the arm with the reference electrode on the forehead using silver/silver chloride cup electrodes with a 9 mm cup diameter filled with a conductive adhesive gel. Four single waves, consisting of five averaged stimuli each, were obtained in each train of the stimulation. Latencies were measured from the first definitive negative peak (N2) and the amplitude from peak to peak (N2 to P2) within each waveform. Since CHEPs is very suitable for A-δ potentials recording, we concentrated on the A-δ-mediated late potential (N2) instead of the ultra-late C-fiber mediated potential [27] . Subjects had to lie on their back with their eyes closed and were requested to relax completely during the examination. Patients and healthy controls were told to rate their acute pain on a 0-10 level numerical rating scale (NRS) after each stimulus, with 0 equaling "no pain" and 10 "maximum imaginable pain". This protocol was applied for patients and healthy controls alike. Figure 1 shows a time flow to visualize the study design.
A similar setting and the same methods of QST and CHEPs have been used in a study examining idiopathic dystonia [22] .
Data evaluation
Clinical data, CHEPs and QST parameters were evaluated using SPSS Software Release 18.0. The continuous variables CHEPs parameters of the first and second train without and with performing the calculation task (amplitudes of block 1, 2, 3 and 4 and N2 wave latencies of the volar forearm, right and left cheek), QST parameters (CDT, WDT, CPT, HPT, MDT, MPT and WUR) and log data of QST parameters were expressed as mean ± standard deviation (SD), and the interquartile range [ QST data are shown as log 10 units (lg) except for the cold and heat pain thresholds (raw data) and as raw data. Statistical comparison of raw data with Mann-Whitney-U test (migraine patients vs. healthy controls) and statistical comparison of log data with independent t-test, p < 0.05 is considered to be significant. None of the subjects showed dynamic mechanical allodynia.
percentile] only for CHEPs parameters, whereas categorical variables were expressed as frequency and percentage (see Tables 1, 2, 3 and 4) . Before statistical testing, the Kolmogorov-Smirnov test was used to analyze each continuous variable for its normal distribution. If the samples were not normally distributed, the non-parametric test was used. The MannWhitney-U test was used to compare the independent variables between two study groups (amplitude differences, absolute reduction of amplitude, success rate of calculating, N2 wave latencies, QST parameters); the Wilcoxon test was used to compare the dependent variables between study groups (two different localizations of CHEPs and QST parameters). The Friedman signed rank test was used to compare the time-dependent variables of each groups (amplitude of block 1 to 4 for migraine patients and healthy controls). Pairwise multiple comparisons with the Friedman test were performed using the Dunn-procedure [28, 29] . We used the independent samples t-test to compare the parametric log data of the QST parameters between study groups. The Pearson correlation coefficient was used to evaluate the relationship between the HPT and the N2 wave latencies and the relationship between amplitudes and numerical rating scale. Differences were considered statistically significant at p < 0.05. PS program and Java-Applets of JUMBO were used to perform power calculations [30, 31] .
As QST data were log-normally distributed, they were expressed as log 10 , except for the CPT and HPT, which are normally distributed as raw data. We used the ztransformation to present all QST-parameters of each healthy control as standard normal distribution in order to compare a single patient's data profile with the control group without considering the different units of measurement across QST-parameters: z-score = (X single patient -Mean controls )/SD controls . All QST-parameters were represented as a normal standard distribution with consideration of gender and age, based on this calculation. Z-values below −2 and above 2 are considered pathological [18] . Moreover, we used the Mann-Whitney-U test to compare patients with controls.
Results
The clinical characteristics of the patients and subjects are shown in Table 1 . There were no significant differences in the level of state anxiety (p = 0.334) or in the level of trait anxiety (p = 0.991) between migraine patients and healthy controls.
QST
The mean values of the QST parameters measured at the volar forearm and both cheeks are shown in Table 4 as well as in the sensory profile represented by the zscore (Figure 2 ). All parameters were within the normal range. None of the patients or healthy subjects showed any sign of dynamic mechanical allodynia. There were no significant differences for any parameter (neither for the raw nor the log data) between patients and healthy controls (Mann-Whitney-U test, p > 0.05).
CHEPs
A clear heat pain evoked potential in patients and healthy controls was produced by stimulation of the volar forearm and the cheeks. Figure 3 shows a representative heat pain evoked potential of a patient's volar forearm. No significant side difference was found between the left and right cheek when average amplitudes were calculated (Wilcoxon test, p > 0.05). Moreover, there was no difference in amplitude or habituation in migraine patients between the cheek of the side where the migraine attack occurs and the other side. For this reason, the amplitude of the right and left cheeks were computed as summary measures and analyzed statistically as "pooled cheek". There were no significant average amplitude differences between migraine patients with or without aura (Mann-Whitney-U test, p > 0.05).
Both patients and controls showed a significant decrease of amplitudes from the first to the fourth block in train one and train two for both pooled cheeks and arm without performing the calculation task (Table 2a and b) . During distraction by the arithmetic task, healthy controls exhibited a significant decrease of amplitude in the first train of the arm and the pooled cheek, but there was no significant reduction in the second train of each location. Patients neither showed significantly reduced amplitudes in both trains of the arm nor in the first train of the pooled cheek. There were no significant differences in the absolute reduction (amplitude block 4 minus amplitude block 1) between patients and subjects, as well as between the first and the second train within the groups. Figure 4 shows the development of the amplitude from block 1 (stimuli 1 to 5) to block 4 (stimuli 16 to 20) of train 1 and train 2 for patients and healthy probands with and without performing the calculation task in relation to the numerical rating scale. During the arithmetic task, amplitudes were significantly lower in patients and subjects compared to the trains without performing the calculation task (Wilcoxon test, p < 0.05).
There were no differences in the average success rate of calculating: On average, both patients and subjects solved 70% of the arithmetic tasks correctly.
The N2 wave latencies of the migraine patients were significantly longer than the N2 wave latencies of the healthy controls for the arm both without performing the calculation task and with performing the calculation task (Table 3) . For the pooled cheek, the N2 wave latencies of the migraine patients were significantly longer without performing the calculation task and with performing the calculation task only for the second train. There were no significance differences for the first train without performing the calculation task or with performing the calculation task, with the tendency remaining as mentioned earlier.
There was no correlation between HPT and N2 wave latency. Moreover, there was no correlation between amplitude and numerical rating scale.
Patients and subjects reported a significant decrease of pain intensity for all locations and all trains, with and without performing the calculation task from block 1 to block 4 (p < 0.05) (Figure 4) .
Discussion
As previous studies have already shown, interictal tests of migraine patients do not reveal any pathological pain thresholds or cutaneous allodynia [21, 32, 33] . Allodynia has been demonstrated to be a transient phenomenon [34] . Our results confirm these observations and extend them to detection thresholds. In contrast, Schwedt et al. suggest that migraine patients measured interictally are more sensitive to thermal stimulation than healthy controls [35] . In their study heat and cold pain thresholds measured for controls are remarkably different from current physiological values [18] and therefore create the impression that the migraine patients' data are pathological. For our study, we could use the physiological thresholds and the absence of neuropathic pain as a vantage point for the usability of the CHEPs data. Lack of habituation of evoked potentials is regarded as an interictal marker in migraine patients and as an expression of cortical information processing abnormalities [36] . In contrast to most previous studies we could not find any significant lack of diminution of amplitude in migraine patients during the two trains without performing the calculation task for both volar forearm and pooled cheek. Therefore we were unable to demonstrate any abnormal habituation process. During the arithmetic distraction task, however, a lack of habituation could be found for migraine patients in the first train for both locations. In the second train, healthy subjects did not habituate anymore and migraine patients surprisingly demonstrated habituation of amplitude when the pooled cheek was tested.
Our study did not confirm the recently stated hypothesis that in migraine patients attention cannot easily be drawn away from induced pain because patients and healthy controls showed significantly lower amplitudes while performing the calculation task [26] . However, the expected lack of habituation could only be shown during distraction. Further studies will have to be performed concentrating explicitly on the effects of distraction on contact heat evoked potentials to investigate the pathophysiological background. Lev et al. described a physiological habituation in controls and a potentiation of cortical responses in migraine patients to noxious heat evoked stimuli [16] . In contrast to our study, however, they calculated the inter-train activity by subtracting the first train from the second train (each consisting of 30 averaged stimuli) instead of calculating the amplitude change between the first and the last blocks of averaging [37] . Our results show that averaging five stimuli can already generate a reproducible potential that demonstrates the habituation earlier.
The longer N2 wave latencies in migraine patients cannot be clarified at this point and will have to be subject of further research.
There are a few possible explanations for the unexpected habituation in migraine patients in our study. First, our subjects were young (mean age of healthy subjects 24.09 years, mean age of migraine patients 23.64 years) with a relatively short disease duration (mean disease duration 8.95 years). There was no correlation between the number of attacks and the reduction of amplitude. Moreover, as extra-cephalic hypersensitivity occurs predominantly in severe headache forms [21] , it might be that neuronal dysexcitability was too weak in our migraine patients. In addition, we could not consider the effect of clinical fluctuations since our study did not include a clinical follow-up of more than three days. Furthermore, the total duration of the experimental setting is rather long compared to other studies investigating habituation [38] . Therefore the initial CHEPs amplitude in the later trains is not equal to the one at the outset of the study, which might conceal possible habituation effects.
Finally, certain limitations of the present study should be acknowledged. First, since subjects showed differences in their ability to solve arithmetic tasks, we cannot be certain of an absolute distraction. However, there was no correlation between the number of correctly solved arithmetic tasks and the reduction of amplitude. Moreover, we think that 22 subjects in each group is a sufficient number and would not expect results to be any different for any increased number of examined probands. In our final analysis we did not distinguish between patients with or without aura (12 patients with aura, 10 patients without aura), but a subgroup analysis showed that their data did not differ from each other. In addition, the break between train 1 and train 2, which lasted about 10 minutes, might have been too short. The averaged amplitude of the first block of train 2 does not reach the initial level of train 1 and therefore does not leave adequate potential for habituation in the second train. In our study, the thermode was moved slightly after each stimulus to prevent sensitization of the skin. It is possible, though, that this movement impeded the expected lack of habituation. We enrolled only female patients and probands in the study to create a study group as homogenous as possible and to avoid effects influenced by the gender. Moreover, it has been shown that gender of both the experimenter and the subjects has a major impact on the subjective pain thresholds [39] . Nevertheless, using only female subjects might be a limitation of our study. Furthermore, the patients were students and not necessarily enrolled in a headache clinic. Therefore, they possibly did not feeling the same level of discomfort as patients who actively go to a consultation. 
Conclusion
Considering all these aspects, we can mainly make a statement about the attentive paradigm, demonstrating that both patients and subjects show significantly lower amplitudes while performing the calculation task. Without performing the calculation task we could not show the expected lack of habituation in migraine patients. Yet, while performing the calculation task our results partly confirm the hypothesis. Concerning the habituation of pain evoked potentials in migraine patients, further studies will have to be conducted to analyze whether the commonly found lack of habituation in migraine patients might be dependent on the modality of evocation.
